The energy consumption of urban central heating in northern China is two to four times that in northern Europe and other countries. Beijing has adopted measures, such as 'coal to gas' and 'coal to electricity', to reduce environmental pollution caused by central heating. Given a peak-to-valley difference in the electricity supply of power plant, which is uneven day and night, this study proposes to store the night-time off-peak electricity in the form of heat energy and drive the ammonia absorption system in the form of steam or hot water during peak or flat electricity. Simulation results of ammonia absorption cooling and heating dual-supply system show that heat source temperature increases, evaporation temperature increases, and cooling water temperature decreases are all beneficial to improve the refrigeration coefficient in the summer cooling condition. In the meantime, heat source temperature increases, evaporation temperature increases, and cooling water temperature decreases are beneficial for increasing the heating coefficient in the winter heating condition. The heating and cooling coefficients of the system are 1.38 and 0.65 in the optimal working condition in winter and summer. Benefit analysis shows that, compared with central heating and cold storage air conditioning, the system can save 576,000 tons of standard coal and 1.417 million tons of carbon dioxide if used in 12% of the cooling and heat supply areas in Beijing. The potential for energy saving and emission reduction is large.
Introduction
In recent years, given the continuous development in Chinese construction industry, building energy consumption accounts for more than a quarter of the total energy consumption in China [1] . Heating and cooling are the main components of building energy consumption. The energy consumption of urban central heating in northern China is two to four times that in northern European countries [2] . Beijing has taken measures to move energy consumption from coal to gas and electricity to reduce environmental pollution caused by central heating. However, for China's 'rich coal, lean oil, less gas' energy storage and supply status, replacing coal with natural gas for heating is not a long-term solution. Urban heating has the following problems: The average winter heating efficiency of China's coal-fired boilers is approximately 0. 6 [3] , and the central heating is under the pressure Energies 2019, 12, 2298 2 of 11 of multiple problems, such as low efficiency, high energy consumption, and serious environmental pollution [4, 5] . In recent years, the valley difference in China's power grid peaks has increased annually. Electricity use for cooling and heating has the problem of insufficient power supply during peak hours. Given a peak-to-valley difference in the electricity supply of power plant, which is uneven day and night, this paper proposes, for the first time, to store the night-time off-peak electricity in the form of heat energy and drive the ammonia water absorption system in the form of steam or hot water during peak or flat electricity periods, to realize the functions of cooling in summer and heating in winter.
At present, many scholars are studying the cooling and heating system on the basis of off-peak electricity. A number of research options such as various types of absorption refrigeration systems, research on working fluids, and improvement of absorption processes are discussed [6] . Li et al. studied a hybrid heating system that combines solar energy with low-cost valley power using a phase change heat storage device [7] . Combined with grid time-sharing pricing, solar energy supply, off-peak electricity, and building thermal load are matched in time domain. Wu et al. studied an off-peak electricity heating system, using abandoned wind, abandon photoelectric, or off-peak electricity to heat low-temperature molten salt and store energy to meet heating requirements [8] . Zhu et al. introduced an example of a solar low-grid electric relay heating project in Beijing, introduced the design scheme and principle of the project and analysed and calculated the heating system data. These data have referential importance for the selection of heating design parameters of the current building in Beijing and the optimal design of solar off-peak electricity relay heating system [9] . Keinath et al. established a model for ammonia absorption heat pump heating for residential applications and introduced a direct gas single-effect ammonia absorption heat pump water heater for residential applications [10] . Jiang et al. proposed a system that uses the principle of ammonia absorption heat pump to absorb heat from the solution in the absorber to absorb heat and uses ammonia water with different mass fractions as an energy carrier to achieve energy transport without heat loss at ambient temperature [11] . Given that the system uses latent heat for heating, the pump power consumption is greatly decreased. In order to use the low-temperature ambient air in winter as a low-temperature heat source for a heat pump system, Liu et al. studied the performance simulation of a single-stage ammonia absorption heat pump and analysed the effects of occurrence, absorption, and rectification temperatures on the heating performance of the system [12] . Xue et al. comprehensively studied the ammonia absorption refrigeration process by using Aspen Plus software to simulate this process and explored the impact of the absorber operating pressure on the outlet ammonia concentration and liquid ammonia evaporation temperature [13] .
On the basis of the above-mentioned research, this study proposes an ammonia absorption cooling and heating dual-supply system (AACHDSS) based on off-peak electricity heat storage (OPEHS). The system consists of an off-peak electricity heat storage device and an ammonia absorption system. The night-time off-peak electricity is stored in the form of heat energy, and the ammonia absorption system is driven by steam or hot water during the peak or flat electricity period for summer cooling, winter heating, and supplying domestic hot water. The system can increase the use of off-peak electricity and the power generation efficiency of power plants and promote clean heating technology [14, 15] , which can be used as a supplement to the existing heating and cooling methods.
System Design
The AACHDSS based on off-peak electricity heat storage is composed of a heat storage device, a generator, an absorber, a condenser, a terminal heat exchange system and a control system, as shown in Figure 1a . The off-peak electricity is stored in the form of heat energy in the electric energy storage device, and the stored heat is converted into steam to drive ammonia absorption refrigeration system when necessary to achieve summer cooling and winter heating. The model of ammonia absorption system is established, and the performance of summer cooling and winter heating of the system is simulated. The influences of parameters such as heat source, evaporation, and cooling water temperatures on system coefficient of performance are analyzed, and the optimal working conditions are proposed.
In the summer, the system stores electricity in the form of heat energy in the heat storage device at night and converts the stored energy into a high-temperature steam to drive the generator of the ammonia absorption refrigeration system when needed. The ammonia water-concentrated solution is separated into a diluted ammonia solution and water-containing ammonia. After passing through the rectification column, the water-containing ammonia is cooled from the top of the column into the condenser and cooled to an ammonia solution. After heat exchange occurs in the solution heat exchanger, the throttling and depressurization become a low-temperature vapor-liquid mixture and then enters the evaporator to absorb heat. As a result, the cooling capacity can be obtained.
The winter system stores electricity in the form of heat energy in the energy storage device at night and uses high-temperature steam to drive the absorption heat pump when needed. Cooling water flows through the condenser and absorber to absorb heat. Then, the cooling water that flows through the cooling tower is switched to the user side by adjustment. The evaporator converts to air-cooled evaporation to absorb heat from the environment.
The cooling and heating coefficients are used to evaluate the performance of the AACHDSS based on off-peak electricity heat storage. The calculation formula is shown as follows.
Refrigeration coefficient:
Q E is the evaporator cooling capacity, W; W 0 is the power consumption, W; Heating coefficient:
Q C is the total heat release amount flowing through the component, W; W 0 is the power consumption, W.
Performance Simulation and Result Analysis
Aspen Plus software is used to simulate the single-stage ammonia absorption system and analyze the operating characteristics of the system in winter and summer to obtain the variation in the performance coefficient of the ammonia absorption system under refrigeration and heating conditions [16] . When satisfying heating and cooling conditions, the change rule of system performance coefficient of the cooling and heating dual-supply system under different heat source, evaporation, and condensation temperatures and other conditions are obtained. Accordingly, the optimal operating conditions of the off-peak electricity energy storage device and the ammonia absorption system are obtained.
The user area of 100 m 2 is used as an example to simulate the two conditions of summer cooling and winter heating. The heat and cold load [17] values are 100 and 58 W/m 2 .
Summer Cooling Conditions
To ensure the normal operation of the system, the ammonia absorption system requires the heat source temperature to be higher than 110 • C in the summer cooling. When the heat source is raised from 110 • C to 130 • C, the refrigeration coefficient is increased from 0.42 to 0.61. As the heat source temperature increases, the distillation capacity and the ability of the rectification tower to provide ammonia are improved. The same concentration of aqueous ammonia enters the system when the heat source temperature is high, the concentration of the dilute solution is small, and the absorption capacity is strong. The cooling coefficient is unchanged from 130 • C to 160 • C. The heat loss is large when the temperature is higher than 160 • C, and the refrigeration coefficient has a downward trend, as shown in Figure 2 . When the temperature of the cooling water is high (T w = 34 • C), the cooling coefficient of the system is low with an average of approximately 0.6 under the same heat source, and the cooling water outlet temperature is approximately 46 • C, which can provide users with domestic hot water. When the temperature of the cooling water changes, the cooling water is decreased from 34 • C to 17 • C and the cooling coefficient is increased from 0.61 to 0.7. This condition reduces the system's requirements on the heat source temperature and improves the utilization range of steam and high-temperature water. Therefore, in this case, low-temperature cooling water should be used to maintain a high cooling coefficient and to expand the system's requirements for heat source temperature.
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As the temperature of the heat source increases, the refrigeration coefficient of the system tends to be stable. As the evaporation temperature decreases, the evaporation pressure of the system, the absorption pressure, and the absorption capacity decrease. The concentration of the concentrated solution at the outlet is also decreased. The same amount of pure ammonia vapor is separated, and the flow rate of the concentrated solution entering the separator is increased. This condition increases the generator load. The refrigeration coefficient of the system is lowered under the same heat source and Energies 2019, 12, 2298 6 of 11 condensation temperature conditions. Therefore, the evaporation temperature should be increased as much as possible within the allowable range.
Winter Heating Conditions
In winter, the evaporator uses air cooling to take heat from the environment. In accordance with the average temperature of the heating season in Beijing, the heat and cooling dual-supply system has an evaporation temperature of approximately −10 • C in three-quarters of the heating season, and the temperature is around −3 • C in other times.
The simulation result (Figure 4) shows that when the evaporation temperature is −10 • C, the heat source temperature rises from 130 • C to 160 • C and the heat supply coefficient increases from 1.34 to 1.39. The increase in heat source temperature enhances the ability of the distillation column to separate pure ammonia. The concentration of the dilute solution is decreased, and the cycle coefficient is increased. As a result, the heating coefficient increases. The heat source temperature continues to rise, and the heating coefficient is unchanged.
to be stable. As the evaporation temperature decreases, the evaporation pressure of the system, the absorption pressure, and the absorption capacity decrease. The concentration of the concentrated solution at the outlet is also decreased. The same amount of pure ammonia vapor is separated, and the flow rate of the concentrated solution entering the separator is increased. This condition increases the generator load. The refrigeration coefficient of the system is lowered under the same heat source and condensation temperature conditions. Therefore, the evaporation temperature should be increased as much as possible within the allowable range.
In winter, the evaporator uses air cooling to take heat from the environment. In accordance with the average temperature of the heating season in Beijing, the heat and cooling dual-supply system has an evaporation temperature of approximately −10 °C in three-quarters of the heating season, and the temperature is around −3 °C in other times.
The simulation result (Figure 4) shows that when the evaporation temperature is −10 °C, the heat source temperature rises from 130 °C to 160 °C and the heat supply coefficient increases from 1.34 to 1.39. The increase in heat source temperature enhances the ability of the distillation column to separate pure ammonia. The concentration of the dilute solution is decreased, and the cycle coefficient is increased. As a result, the heating coefficient increases. The heat source temperature continues to rise, and the heating coefficient is unchanged. Figure 5 shows that, at the same heat source and condensation temperature, the heating coefficient is increased from 1.37 to 1.44 when the evaporation temperature is increased from −10 °C to −3 °C. In consideration of the average winter temperature in Beijing, the average heating coefficient is 1.39. When the cooling water temperature is raised from 34 °C to 38 °C, as shown in Figure 6 , the heating coefficient is decreased from 1.44 to 1.41. As the cooling water temperature increases, the absorption effect deteriorates, and the heating coefficient decreases continuously. At the same time, the system can provide users with hot water of 48-60 °C (Figure 7) . Figure 5 shows that, at the same heat source and condensation temperature, the heating coefficient is increased from 1.37 to 1.44 when the evaporation temperature is increased from −10 • C to −3 • C. In consideration of the average winter temperature in Beijing, the average heating coefficient is 1.39. When the cooling water temperature is raised from 34 • C to 38 • C, as shown in Figure 6 , the heating coefficient is decreased from 1.44 to 1.41. As the cooling water temperature increases, the absorption effect deteriorates, and the heating coefficient decreases continuously. At the same time, the system can provide users with hot water of 48-60 • C (Figure 7 ). 
Optimal Condition
Considering factors, such as heat loss, the optimum cooling coefficient is approximately 0.65 in summer when the heat source temperature is 150 • C, the cooling water temperature is 17 • C, and the evaporation temperature is 7 • C. Under the heating conditions in winter, the heat source temperature is 160 • C, the cooling water temperature is 36 • C, the evaporation temperature is −10 • C, and the optimum heating coefficient is approximately 1.38.
Benefit Analysis
The energy saving and emission reduction effects of this system are analyzed by comparing the annual energy consumption of the AACHDSS based on off-peak electricity heat storage with the annual primary energy consumption of the coal-fired boiler centralized heating combined with an ice storage air-conditioning system. The power consumption for cooling and heating of the dual-supply system is all provided by off-peak electricity to simplify the calculation. The cooling power consumption of an ice storage air conditioning in summer is also provided by off-peak electricity, whereas the central heating in winter is provided by coal-fired boilers [18] . Table 1 shows the energy consumption and efficiency parameters of central heating and coal-fired boilers in the dual-supply system in winter. Table 2 shows the energy consumption and efficiency parameters of dual-supply and ice storage air conditioning in summer. The calorific value of the standard coal is 29,307 kJ/kg; that is, the calorific value q is 8.14 kWh/kg, and the coal power generation efficiency [19] η cp is 0.383. Primary energy consumption e/ kg η −1 Primary energy consumption e/ kg
Boiler central heating cannot achieve on-demand heating, and the residential load rate r j = 1. The average heating load rate of the cooling and heating dual-supply system in winter [22] is 0.6, and the average cooling load rate in summer is 0.35. The heating season time t w is 120 days (24 h/d). The cooling season time t s is 62 days (24 h/d). The specific energy cost calculation is shown in Table 3 . Table 3 . Energy consumption and cost calculation for different cooling and heating modes.
Name Central Heating Ice Storage Air Conditioning

Dual-Supply Heating
Dual-Supply Cooling
Heat supply/cooling capacity
Primary energy consumption E E = Q·e E = Q·e E = Q·e E = Q·e
In Table 3 , F is the cold and heat supply area of Beijing in 2017. f is the application area of AACHDSS based on off-peak electricity heat storage. l is the refrigeration and heating load. t is the time for refrigeration and heating. η 1 is the electrothermal conversion efficiency of the heat storage. η 1 = 0.975.
From Tables 1-3 , the annual primary energy consumption of centralized heating combined with an ice storage air-conditioning system and the cooling and heating dual-supply system at different application area ratios are obtained, as shown in Figure 8 .
In 2017, the hot and cold supply area of Beijing F is approximately 908 million m 2 . Assuming that 12% of the hot and cold supply area uses the AACHDSS based on off-peak electricity heat storage, the annual energy consumption is 5.578 million tons of standard coal. Compared with the centralized heating combined with an ice storage air-conditioning system, AACHDSS can save 576,000 tons of standard coal and obtain an energy saving rate of 9.4%. If the standard price of standard coal is $124.1/ton, then energy cost savings is approximately $71.5 million, and CO 2 emissions are decreased by 1.417 million tons. The potential for energy saving and emission reduction is large.
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Conclusions
From the simulation and analysis, the following conclusions are drawn.
(1) In summer cooling, when the heat source rises from 110 • C to 130 • C, the refrigeration coefficient increases from 0.42 to 0.61, the cooling coefficient of 130 • C to 160 • C is basically unchanged, and the cooling coefficient has a downward trend when the temperature is above 160 • C. At a heat source temperature of 120 • C, when the evaporation temperature is increased from 2 • C to 7 • C, the refrigeration coefficient is increased from 0.47 to 0.57. The cooling water is lowered from 34 • C to 17 • C, and the refrigeration coefficient is increased from 0.61 to 0.7.
(2) When heating in winter, the heat source temperature rises from 130 • C to 160 • C, the heat supply coefficient rises from 1.34 to 1.39, the heat source temperature continues to rise, and the heat supply coefficient is basically unchanged. The heating coefficient increases from 1.37 to 1.44 when evaporation temperature is raised from −10 • C to −3 • C under the same heat source and condensing temperature conditions. When the cooling water temperature rises from 34 • C to 38 • C, the heating coefficient decreases from 1.44 to 1.41. Combined with the cooling water temperature rising, the absorption effect is deteriorated, the heating coefficient is continuously decreased, and the system can provide the user with hot water of 48 • C-60 • C.
(3) Considering factors such as heat loss, the optimum cooling coefficient is approximately 0.65 in summer when the heat source temperature is 150 • C, the cooling water temperature is 17 • C, and the evaporation temperature is 7 • C. Under the heating conditions in winter, the heat source temperature is 160 • C, the cooling water temperature is 36 • C, the evaporation temperature is −10 • C, and the optimum heating coefficient is approximately 1.38.
(4) If 12% of the hot and cold supply area in Beijing uses the AACHDSS based on off-peak electricity heat storage, then the system can realize annual standard coal saving of 576,000 tons, energy cost savings of $71.5 million and hydrogen dioxide emission reductions of 1.417 million tons compared with the centralized heating combined with an ice storage air-conditioning system based on 2017 statistics. The potential for energy saving and emission reduction is large.
Compared with the coal-fired central heating combined with an ice storage air-conditioning system, the AACHDSS based on off-peak electricity heat storage occupies small space, requires a small initial investment, and can realize noiseless operation. Although the refrigeration coefficient is low, it has advantages such as simple structure, easy operation, and little pollution. The system can also increase heating capacity in winter, improve equipment utilization and system operation cycle, and effectively respond to energy saving and emission reduction call whilst considering the balance of grid load. AACHDSS can be suitably applied in rural areas, suburbs, and other decentralized cooling and heating applications.
